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The effect of the kinematics of atomic collisions on the character of the energy spectrum of the emitted
electrons is studied. It is shown that the effect of the Doppler shift and broadening of the spectral lines
of the electrons produced as a result of inelastic processes accompanied by considerable scattering of
the atomic particles leads to a significant distortion of the shape of the observed spectrum. The loca-
tion and width of the spectral lines turn out to be dependent not only on the energy and lifetimes of the
autoionization levels, but also on the energy and scattering-angle distributions of the colliding parti-
cles. A computation is carried out of the energy spectrum of electrons connected with the excitation of
autoionization states of argon and helium in Ar*—Ar and He*-He collisions. The results of the computa-

tion are qualitatively in good agreement with the available experimental data.

THE study of the energy spectra of electrons is of late
becoming an important method in the study of inelastic
processes occurring in atomic collisions. In principle,
the study of electron spectra permits us to obtain infor -
mation about the energy and lifetimes of autoionization
levels, which are excited in collision processes, and
also about the probability of their excitation. Such in-
formation is extremely important for the analysis of
one of the most difficult problems of the physics of
atomic collisions —the mechanism of inelastic transi-
tions. However, the extraction of the necessary infor-
mation from the spectra of electrons produced in colli-
sions of atomic particles is more difficult a problem
than, say, the analysis of the spectra of electrons pro-
duced in photoabsorption or in the ionization of atoms
by electron impact.

One of the causes making the interpretation of elec-
tron spectra difficult is the scattering of the atomic
particles in collisions. This circumstance has never
been properly taken into consideration in the investiga-
tions carried out up to the present time. It has usually
been assumed in analyses of electron energy spectra
that the electrons are emitted either by a stationary tar-
get particle or by a fast moving atomic particle whose
momentum does not practically change after the colli-
sion. Under these assumptions the energy of an elec -
tron emitted by a target particle will be equal to the
difference between the energies of the initial and final
states of the particle, whereas the spectral lines for
electrons connected with transitions in a fast incident
particle will undergo a Doppler shift which can easily
be taken into account.[!!

In many cases electrons are produced as a result of
collisions in which the scattering angle of the fast par-
ticle and the kinetic energy imparted to the target par-
ticle are indeed small. In that case the indicated sim-
ple approach turns out to be sufficiently accurate. How-
ever, a very typical situation is the one in which the
emitted electrons are produced as a result of violent
collisions, which occur at small impact parameters and
are accompanied by a strong scattering of the incident

particle and a considerable kinetic energy transfer to
the target particle. Under these conditions the analysis
of the electron energy spectra can be carried out only
after the proper allowance has been made for the kine-
matics of the collision.

Let us consider the effect of scattering on the loca-
tion and shape of an electron spectral line. Let the
electrons be emitted by an atomic particle of mass M
which is scattered, as a result of the collision, through
an angle 4 and which has a finite kinetic energy Ej. The
analyzer of the energy of the electrons is placed at an
angle a to the direction of the incident beam. If Eg, is
the energy of an electron in the system of coordinates
rigidly attached to the emitting atomic particle, then it
can be shown that the energy of such an electron in the
laboratory system will be determined by the expression

EU=E50+A+BCOS ((Pe_(Pi)’ (1)

where

A=2 V'Z—;EeaEi cos a cos 0,

B = ZV%-EEGE,-sina sin 9, (2)
me is the electron mass, @e the azimuthal angle of
emission of the electron, and ¢j the azimuthal scatter-
ing angle of the ion. It is natural to suppose that the
distribution of the emitted electrons with respect to the
azimuthal angle ¢e is isotropic, i.e.,
dN / dg.= N, = const, (3)
where N is the number of electrons. As follows from

(1),

dE,/ dg,= —Bsin (9. — ¢.) = —YB* — (E. — Eoo — 4)%.  (4)

Combining (3) and (4), we obtain the electron distribution
function with respect to energy in the laboratory system
of coordinates

1 dN 1

O(E.) = — — .
)=y VB —(E. — E., — A)* (5)
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As can be seen from (1) and (5), the spectral line of
electrons with energy Eg, will undergo a Doppler shift
A and 2 broadening +B relative to the mean position
Eg, + A. The shape of the resulting distribution will be
symmetric with a minimum at Ee0 + A and sharp maxi-
ma at the edges. As an illustration we show in Fig. 1
contours which are obtained as a result of the convolu-
tion of a Gaussian contour of width 7, and of a Doppler
distribution (5) for different values of the ratio B/y . It
can be seen that at sufficiently large values of the
broadening B the shape of the resulting distribution has
nothing in common with the shape of the initial Gaussian
contour.

In a real situation electrons with energy Eg, may be
emitted by particles which have been scattered through
different angles ¢ and have different kinetic energies.
Therefore, the electron distribution f(E) observed in
experiments will be the convolution of four functions:
the function f,(Eg,) describing the contour of the line in
the system of coordinates attached to the emitting
atomic particle, the Doppler distribution (5) ®(E — E’,
E;, ¢), the energy and scattering angle distribution func-
tion ¥(Ej, ¢) for the atomic particles, and the apparatus
function of the analyzer a(E’ — Eg,):

f(E) =J'fjj'fo(EeD)a(E' —E ) WD(E—E'E,9)
X W(E, 8)dE., dE’ dE, sin ¢ d9.

(6)

The examples cited below can serve as an illustration
of the influence of collision kinematics on the character
of the energy spectra of electrons.

ANALYSIS OF THE ENERGY SPECTRA OF
ELECTRONS CONNECTED WITH THE
EXCITATION OF INNER SHELLS

The energy spectra of electrons produced in colli-
sions of atomic particles in the kiloelectron-volt energy
range have been investigated in papers by Rudd, Jorgen-
sen and Volz!!! and by one of the present authors, Flaks
and Avakyan.'?] It was shown that the energy spectrum
of electrons consists of a continuous distribution, which
monotonically decreases with increase of electron en-
ergy, and discrete lines superimposed on the continuous
part of the spectrum. It may be assumed!®? that the dis-
crete lines of the electron spectrum are connected with
autoionization transitions in atomic particles after their
separation, whereas the continuous part of the spectrum
corresponds to transitions in quasimolecules formed at
the instant of collision. The determination of the rela-
tive probability of transitions leading to the appearance

f(F), rel. units
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FIG. 1. Deformation of a Gaussian

contour under the action of Doppler
broadening. 1-A =0, B = 0 (Gaussian
contour); 2-A=0,B=v;3-A=0,
B=2y;4-A=0,B=3y;5-A=0,

B = 4y (explanation in the text).
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of the discrete and continuous parts of the spectrum
may yield information about the lifetimes of the autoion-
ization state. Of great interest, in particular, is the
study of Auger transitions with occupation of a vacancy
in the L, ;-subshell of argon. The results of the analy-
sis of this part of the spectrum can be compared with
the results of investigations into inelastic energy losses
in atomic collisions.

Inelastic energy losses in Ar*-Ar collisions were
studied in [% %1, It was discovered that the spectrum of
inelastic losses consists of three discrete lines. The
first one is connected with the excitation of the M
shells, and the second and third with the excitation of
the L shells of argon. A possible mechanism of exci-
tation of the L shells is the formation of vacancies as
a result of the crossing of terms as the atomic particles
approach each other.[®? Since the most probable decay
channel discovered in [* ®] for the excited levels is
autoionization, the study of electron energy spectra can
help elucidate the question of the mechanism of excita-
tion of the lines of inelastic energy losses.

Let us discuss as an example the electron spectra
obtained in t?? for the Ar*-Ar pair for an ion energy of
15 keV. The electron spectrum in the range Eg = 100-
240 eV, corresponding to Auger transitions with the oc-
cupation of L, j;-vacancies, has a very complex shape
and consists of three components: a continuous ¢‘back-
ing,’’ a broad peak, and a fine structure superimposed
on these components of the spectrum. The presence of
the broad peak makes the analysis of this part of the
spectrum difficult, but such a character of the energy
distribution can be explained when the kinematics of the
atomic collision are taken into account.

In interpreting the electron spectrum, we shall sup-
pose that the lines of inelastic energy losses corre-
sponding to the excitation of inner shells, which were
discovered in {*1, lead to the formation of L, s-vacan-
cies and, in the final analysis, to the emission of Auger
electrons. Using this supposition, we can determine
the complete apparatus function in investigations of the
energy spectra of the electrons. We shall assume that
for the investigated symmetric Ar*-Ar pair the Auger
electrons are emitted with equal probability from both
colliding particles. The dependence of the probability
of excitation of the inner shells on the scattering angles
was investigated in £*1, Using these data, we can deter-
mine the dependence of the probability of formation of
L, ;-vacancies on the scattering angle of the fast parti-
cle (we assume then that the second line of the inelas-
tic losses leads to the formation of a single L vacancy
while the third line leads to the formation of two L va-
cancies). Since the scattering angle determines the col-
lision kinematics practically uniquely, the obtained de-
pendence allows the determination of the distribution
function with respect to the angle ¢ and energy Ej of
the fast particles and the recoil particles emitting Au-
ger electrons. The convolution of these distributions,
the distribution (5) and the apparatus function of the
analyzer of the electron energy (see (6)) will yield the
complete apparatus function in the study of an electron
spectrum, i.e., a spectrum corresponding to a narrow
discrete line in the system attached to the emitting par -
ticle. The following characteristics of the analyzer used
in 2] were used in the computation: angle of aperture
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of the analyzer o =54.5°, resolution AE¢/Eg =0.007.
The shape of the apparatus function of the analyzer was
assumed to be Gaussian.

As an example we show in Fig. 2 the complete appa-
ratus function corresponding to the line of Auger elec-
trons of energy Eg, = 200 eV. For comparison we show
in the same figure the instrumental function obtained
with no allowance for the collision kinematics, under
the assumption that the electrons are ejected from a
stationary target particle and from a fast particle mov-
ing in the initial direction.

To obtain the spectrum of electrons connected with
Auger transitions to L, j-vacancies, we used the data
in I on the locations of the spectral lines in the inter-
val E¢ = 100-240 eV which are excited in H*~Ar colli-
sions. It was assumed that the energy Eg, of the Auger
electrons in the case of Ar*-Ar collisions was the same
as in Auger transitions observed in the case of H*-Ar
collisions. Taking into consideration the absence of ac-
curate information about the relative intensity of the
spectral lines and the qualitative nature of the compari-
son of the results of the computation with experimental
data,’®! we assumed the intensities of the lines corre-
sponding to the transitions L, ,-MM and L, ;,M-MMM
to be the same and conditionally set them equal to unity.
The intensity of the lines due to the less probable three-
electron transitions of the type 2p° 3s?3p°®-2p° 3s®3p°n!
was set equal to 0.3. Apparatus functions similar to the
functions shown in Fig. 2 were calculated for each of
the lines discovered in 2] and then summed with the
corresponding statistical weights.

The obtained electron spectrum is shown in Fig. 3.
The lines at the upper part of the figure indicate the po-
sitions of the discrete lines which served as the basis
of the computation of the spectrum. Shown also in the
figure is the corresponding part of the spectrum ob-
tained in % minus the continuous ‘‘backing.’’

There is a very good qualitative agreement between
the experimental and theoretical spectra. It goes with-
out saying that the decisive factor leading to the con-
version of the discrete lines into the distribution ob-
served in experiments is the collision kinematics. The
discrepancies between the theoretical and experimental
spectra are connected, apparently, with the crudeness
of the initial assumptions about the equality of the prob-
abilities of excitation of the various lines and the same-
ness of the nature of the lines excited in Ar*-Ar and
H*—Ar collisions. The good agreement between the ex-
perimental and theoretical spectra indicates that there
is indeed an interrelationship between the energy spec-
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FIG. 2. The effect of collision kinematics on the shape of the lines of
the energy spectrum of electrons. The dashed lines are the initial con-
tours; the continuous line is the distribution obtained when the collision
kinematics are taken into account.
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FIG. 3. The discrete part of the energy spectrum of electrons produced
in Art—Ar collisions in an ion energy of 15 keV in the 100—240 eV
electron energy range. The continuous curve is the result of experiment[?],
the dashed curve—of the calculation. The positions of the initial lines are
indicated at the upper part of the figure.

trum of electrons resulting from the excitation of L, ;-
shells and the corresponding discrete lines observed in
the spectrum of inelastic energy losses.

The need for taking the collision kinematics into ac-
count leads to serious difficulties in the identification of
the lines of the spectrum of electrons produced in col-
lisions between complex atomic particles. Investigations
carried out in the ion energy region ~ 10 keV ] can, ap-
parently, yield sufficiently reliable information about
the energies of the autoionization transitions in the outer
shells of the atoms. The identification of the spectral
lines, corresponding to Auger transitions and Koster -
Kronig transitions to vacancies in the inner shells, is
impossible if the proper allowance is not made for the
collision kinematics. Therefore, the graphical compari-
son made in [?1 of the positions of the observed spectral
lines with the energies of the above-mentioned transi-
tions in isolated atoms is unnecessary.

In investigations carried out at ion energies
~ 100 keV and an angle of emission of the electrons of
160 °,t 11 the effect of the collision kinematics is mani-
fested mainly in a Doppler shift of the spectral lines
and this can be taken into account in a simple way.

In the case of H*-Ar collisions at a proton energy of
20 keVI™! the effect of the collision kinematics on the
character of the energy spectrum of the electrons can
be neglected in view of the small ratio of the mass of
the impinging ion to that of the target atom.

PECULIARITIES OF THE ENERGY SPECTRA OF
ELECTRONS PRODUCED IN SLOW COLLISIONS
BETWEEN IONS AND ATOMS

The effect of the kinematics of collisions between
atomic particles on the character of the energy spec-
trum of electrons may turn out to be important in the
case of the excitation of autoionization states of an
outer shell of an atom if the velocity of the relative mo-
tion is not high. The degree of this influence may be
illustrated on the example of the excitation of the auto-
ionization states of helium in He*-He collisions in the
ion energy range 1600-4300 eV.!®1 A characteristic
feature of the electron energy spectra measured in ¢!
is the well-defined shift of the positions of the experi-
mental peaks towards lower energies, the shift being
inversely proportional to the velocity of the impinging
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ions. At the same time, the width of the peaks increases
in inverse proportion to the velocity.

This effect, discovered and named by Barker and
Berry as the ‘““Stark shift’’ of spectral lines, was ex-
plained by them as due to the influence of the Coulomb
field of the scattered ion on the decay process of the
autoionization state of the atom. Since autoionization in
this case is accompanied by Coulomb repulsion of the
ions in the final state, the energy corresponding to the
continuum limit and, consequently, the energy of the
emitted electrons turn out to be dependent upon the dis-
tance between the nuclei at which the disintegration
takes place. In the case when this distance is suffi-
ciently large, so that the atomic particles participating
in the collision can be considered as isolated, the en-
ergy distribution of the electrons has the form! 8!

=—1 (")

We ox [__
Fm—E): P T y(E.. —E.)

HE) =57

where Eg is the energy of the emitted electron, Ego
the energy of an autoionization transition in an isolated
atom, w the transition probability for the case of an
isolated atom, and v the relative velocity (all quantities
are given in atomic units).

The energy distribution function of the electrons (7)
has a maximum at an electron energy equal to

E.,=E..—w./2v. (8)

The width of the peak at a height equal to half the height
of the maximum is then

v =1.0Tw. /v. 9)

It can be seen that the relations (8) and (9) explain
tne experimentally(®? observed dependence of the shift
and width of a line on velocity. Furthermore, the rela-
tion (8) makes it possible for us to determine the tran-
sition probability wo or the lifetime T« = 1/We of an
autoionization state in an isolated atom directly in
terms of the value of the shift of the corresponding
spectral lines. However, an estimate of the lifetime of
the autoionization state 2s2p of He, made in this way in
(81 yielded the very strange and unexpected result
T = 2.4 x 107" sec, which is roughly an order of mag-
nitude less than the value found from experiments on
photoabsorptiont®? (1.7 x 10~ sec) and from theoreti-
cal calculations 3 (1.5 x 10 ™* sec). The question as to
the nature of the autoionization state whose lifetime was
determined in 81 has up to now remained unexplained.

The availability of data on the spectrum of inelastic
energy losses in He*-He collisions (see ['*3) allowed us
to carry out an analysis of the kinematics of inelastic
processes connected with the excitation of the autoioni-
zation states of helium. This analysis showed that the
effect of ‘‘Doppler’’ broadening of spectral lines may
significantly influence the character of the energy dis-
tribution of electrons observed in @), In particular, it
is not difficult to show on the basis of the relation Eg ¢,
= 10* eV-deg!*"! (E, and ¢, are the energy and scatter-
ing angle of the impinging ions), deter mining the posi-
tion of the peak of an inelastic energy loss line, that at
energies E; in the interval 1600-4300 eV the broaden-
ing of a spectral line as a result of the Doppler effect?
is ~1 eV which, by order of magnitude, corresponds to
the width and shift of the lines observed in '8 The con-
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volution of the three functions (the ¢‘Stark’’ distribu-
tion (7), the Gaussian apparatus, and the ‘‘Doppler’’ con-
tour (5) (Fig. 4)) has an asymmetric shape with a
strongly pronounced rise in the low-energy part of the
distribution. The magnitude of the shift of this low-
energy ‘‘peak’’ relative to the position of the initial line
E. will be determined by the ‘“Stark’’ shift®3 as well
as by the Doppler broadening.t 11 Since the shift of the
edges of the Doppler distribution (5) AE ~ VE; 4,
“‘\/}T?.[,_/E0 ~ 1/v, the latter effect leads to the same
dependence of the shift and width of a line on velocity as
the ‘“Stark’’ shift effect.

The results of the calculation of the complete energy
distribution function of the electrons (6) carried out for
an incident ion energy E, = 1600 eV are shown in Fig.5.
As initial data, we took the values of the lifetime 7.,
= 1.7 x 10" * sec,®? the resolution of the analyzer
AEg/Eg = 1.33%,'®! and the distribution function
¥(Ej, ¢) found in ¢**1, Since the width of the function (6)
for a separate isolated line is 21 eV, it is evident that
the peak observed in 87 is the result of the overlapping
of the distributions corresponding to several neighbor-
ing lines of the spectrum. On the basis of the results of
investigations into the energy spectra of electrons pro-
duced in H*-He collisions (Eg+ = 75 keV),[ 1 we can
assume that the main contribution to the shaping of the
experimental peak is made by transitions from the auto-
ionization states 2s2p(°P) (Ege = 33.8 eV), 2p*('D) (Egwo
= 35.4 eV) and 252p('P) (Eew = 35.5 eV). It is also nec-
essary to take into account the fact that each of the
lines corresponding to the indicated transitions has a
Doppler twin which, on account of the characteristics
of the experimentf®?! (@ = 90°) will be shifted from the
princigal line towards lower energies by an amount AE
= mgV 72 =~ 0.2 eV (mg is the electron mass, v the ve-
locity of the impinging ion). In view of the lack of data
on the relative intensity of the initial spectral lines, we
assumed that they were the same.

For comparison, the data of 8, obtained for the
same energy of the impinging ions, are shown in Fig. 5.
It can be seen that the distribution calculated by us re-
produces sufficiently accurately the main parameters
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FIG. 4. Deformation of the “Stark” contour under the action of
Doppler broadening. 1-A =0,B =0,y =1.07Woo/v = 0.3 eV (“Stark”
contour); 2—-A=0,B=v;3-A=0,B=2y;4-A=0,B =3y (ex-
planation in the text).

FIG. 5. Discrete part of the energy spectrum of electrons produced in
He*+—He collisions at an ion energy of 1600 eV, in the electron energy
range 30—38 eV. The continuous curve is the result of experiment[?],
the dashed curve—of the calculation.
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of the experimentally observed contour, in particular,
the line width and the position of the maximum. The
disagreement in the region of the ‘‘wings’’ of the con-
tour may be explained by the influence of the more dis-
tant lines at Ego = 33.2 and 37.6 eV which we did not
take into account.

Thus, it is evident that the shift and broadening of the
lines of the electron spectrum observed in 81 owe their
origin mainly to the peculiarities of the kinematics of
the collisions between the atomic particles and not to
the influence of the Coulomb interaction between the
ions on the process of the disintegration of the autoioni-
zation state, as was previously assumed.

We see from the above analysis that in those cases
when the atomic collision is accompanied by apprecia-
ble scattering of the particles, the kinematics of the
collision may exert a decisive influence on the charac-
ter of the energy spectrum of the electrons produced.
The positions and shapes of the discrete lines observed
in the spectra turn out to be dependent not only on the
energies and lifetimes of the initial levels, but also on
the relative intensities of the lines and the velocity and
scattering angle distribution of the ions. In order to ac-
curately take these factors into account, we require
such a large amount of additional information that it is
practically impossible to establish the connection be-
tween the observed spectral lines and the true transi-
tion energy. In the cases when the effect of the collision
kinematics is considerable and it is not possible to
make an accurate allowance for it, the aim of investiga-
tions into electron energy spectra should, apparently,
not be the study of the fine structure but the extraction
of more general integrated characteristics, such as the
excitation cross sections for the various shells of the
atom and the cross sections corresponding to the con-
tinuous part of the spectrum.
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